Abstract Plasticizers that are generally used in plastics to produce flexible food packaging materials have proved to cause reproductive system problems and women's infertility. A longterm consumption may even cause cancer diseases. Hence a nano-scale layer, named as functional barrier layer, was deposited on the plastic surface to prevent plasticizer diethylhexyl phthalate's (DEHP) migration from plastics to foods. The feasibility of functional barrier layer i.e. SiOx coating through plasma enhanced chemical vapor deposition (PECVD) process was then described in this paper. We used Fourier transform infrared spectroscopy (FTIR) to analyze the chemical composition of coatings, scanning electron microscope (SEM) to explore the topography of the coating surfaces, surface profilemeter to measure thickness of coatings, and high-performance liquid chromatography (HPLC) to evaluate the barrier properties of coatings. The results have clearly shown that the coatings can perfectly block the migration of the DEHP from plastics to their containers. It is also concluded that process parameters significantly influence the block efficiency of the coatings. When the deposition conditions of SiOx coatings were optimized, i.e. 50 W of the discharge power, 4 : 1 of ratio of O2 : HMDSO, and ca.100 nm thickness of SiOx, 71.2% of the DEHP was effectively blocked.
Introduction
Polypropylene (PP) and polyvinylchloride (PVC) are widely used in our daily life as flexible plastics where diethylhexyl phthalate (DEHP) is used mainly as plasticizer. It was discovered that flexible PVC contains approximately 20 wt% to 60 wt% of DEHP. Because no chemical bonds are formed, the additives are easily released from the polymeric body into the environment [1] . Moreover, lots of works demonstrate that DEHP seriously damage human being with a variety of adverse outcomes, including the increase of adiposity and insulin resistance, the decrease of anogenital distance in male infants, levels of sex hormones and other consequences for the human reproductive system of both females and males. Infants and children may be especially vulnerable to the toxic effects of phthalates [2∼6] .
One of the alternatives is to employ a functional barrier layer to obstruct the migration of toxicities into foods or liquids. Since amorphous hydrogenated (a-C: H) and silicon oxide (SiO x ) coatings were widely used as protective layers in a variety of plastics to block gas and humid permeations [7∼10] , it was assumed that they can also block additive migration from the plastics [11∼14] . However, so far few investigations were made on the effect of the chemical composition and structure of coatings on the barrier properties.
In this study, we demonstrate the fabrication of superb functional barrier layers of SiO x on PVC films. The purpose of the work is to obtain deep understanding of the relationship between intrinsic structure and barrier properties of coatings.
Experimental setup
The 90 µm PVC plastic was used as samples, which were cut into pieces of approximately 4 cm 2 in area and cleaned ultrasonically in ultrapure water to remove surface contamination before putting into the vacuum chamber. During the plasma pre-treatment argon (Ar, 99.99%) was used as diluted gas. We used oxygen (99.999%) and hexamethyl-disiloxane (HMDSO, 98%) as oxidant and monomer, respectively, for SiO x coating deposition. A pulsed high frequency (40 kHz) generator was employed as the power source, and 20% duty cycles was set in the discharge process. The plasma enhanced chemical vapor deposition (PECVD) for the nano-coating deposition was carried out in a stainless-steel vacuum chamber as Fig. 1 shows.
FTIR spectrums for chemical component analysis were obtained through Thermo Scientific NICO-LET 6700, USA, (scanning range 400 ∼ 4000 cm −1 ). The Surface Profilemeter (Veeco Dektak 150, USA) was used to measure the coating thickness. Surface morphologies of SiO x coatings were probed by scanning electronic microscope (SEM), Shimadzu SS-550 (Japan) before and after migration testing.
For migration measurement, all reagents were in chromatographic grade. Diethylhexyl phthalate (DEHP, > 99.7%) used as a standard solution was commercial one from Sigma-Aldrich. According to regulations of 82/711/EEC, the solvent employed for fat food simulants was ethanol (95%). The bottles were filled with food simulants and stored for 10 days at 40
• C The high-performance liquid chromatography (HPLC) analysis was carried out in a liquid chromatography (LC-10Avp, Shimadzu) with auto injection and a SPDM-10Avp detector. The separation was performed on a reversed-phase Akasil C 18 (250 × 4.6 mm, 5 µm) column. Data acquisition and integration were done with the Class-VP software. The HPLC method was carried out in isocratic mode at a flow rate of 1.0 mL/min, with a mixture of methanol-water (95:5, v/v) as mobile phase and the injection volume of 10 µL. The temperature of the column compartment was kept at 30
• C and the signal was recorded at 275 nm wave length. Prior to sample injection the solution was filtered through 0.45 µm nylon membrane to remove un-dissolved particles.
3 Results and discussion
Migration of DEHP
0.01 g of the standard DEHP solution was weighed into a 10 mL volumetric flask and diluted to 10 mL with methanol as a stock solution (1000 µg/mL). The typical chromatogram was shown in Fig. 2 . A level of solutions was concentrated then to 1 µg/mL, 2 µg/mL, 3 µg/mL, 5 µg/mL and 10 µg/mL by diluting the stock solution, respectively. The detection limit of 3 µg/mL was obtained when the signal-to-noise ratio was set up at three (S/N =3).
Before the measurement the calibration curve was obtained using a series of concentrations of DEHP in 95% ethanol solution. The linear relation was conducted with the peak area as y axis and the concentration as x axis as shown in Fig. 3 . The equation y=1789.41x -1701.80 was obtained then, where the linear correlation coefficient (R 2 ) was 0.9982. It means that the concentration and the peak area were linearly correlated in the range from 10 µg/mL to 200 µg/mL. According to the equation, thus, the migration amount of DEHP from PVC films into simulants could be calculated. 
Variation of oxygen (O 2 ) concentration
The migration kinetics of DEHP at 40
• C from coated SiO x samples depends on the ratios of HMDSO to O 2 , as shown in Fig. 4 . The storage period was extended to 10 days. One can see from Fig. 4(a) that the migration amount of DEHP from the control sample was remarkably higher than that from the coated ones. The migration amount of DEHP in the tenth day in Fig. 4(b) , however, demonstrates a reverse decrease along with a raise of O 2 concentration, but increase in excess O 2 flow rate. It is noticed that the minimum value of DEHP migration was achieved at the ratio of O 2 : HMDSO= 4:1 in selected process parameters. It is well known that at the low ratio of O 2 : HMDSO the coatings contain a large amount of organic radicals with carbon, hydrogen and oxygen elements. The increased O 2 concentration induces a sufficient oxidation reaction, which leads to more inorganic coating formations, and the migration amount was thus obviously reduced. For example as the figure shows, for control sample the immigration percentage was 16.7%, but for SiO x coated one, when SiO x was prepared at the ratio of O 2 : HMDSO = 4:1, it was only 4.8%. The O 2 concentration also influences the coating composition significantly [15] . In order to confirm the role of atomic oxygen on coating properties, FTIR analysis was carried out for various ratios of O 2 : HMDSO. GRILL [16, 17] into three peaks centered at 1135 cm −1 , 1063 cm −1 , and 1023 cm −1 . They were considered to correspond to cage, network and linear structures based on the different bond angles, respectively. Therefore, in Fig. 5 , the peak at 1030 cm −1 was assigned to Si-O-Si stretching vibration, and the peak was shifted to 1060 cm −1 when the O 2 concentration was increased. We concluded that more cage and network structures were formed in the SiO x coatings rather than linear one. Moreover, at the low O 2 concentration, the presence of Si-CH 3 bond at 1277 cm −1 in the spectrum indicates an incomplete oxidation reaction and the existence of hydrocarbon radicals in the coating. As the O 2 concentration increases, the peak at 1277 cm −1 of Si-CH 3 becomes weaker and weaker, and eventually vanishes from the spectra when the ratio of O 2 : HMDSO was over 4:1. The intensity of the peak at 810 cm −1 corresponding to the Si-O molecular stretching vibration is increased with increasing O 2 concentration. It means that the increase of O 2 proportion indeed changes the chemical structure of coatings from organic ones with carbon, hydrogen contaminations to a high purity of inorganic, quartz-like film. In order to well understand the effect of O 2 concentration, SiO x coated PVC films were soaked in the simulant for 10 days, and then they were characterized by SEM as Fig. 6 shows. It is noticed that network-crack structures were formed and spread out over the total surface for all samples except the one deposited at ratio of O 2 : HMDSO=4:1, where the surface wrinkle was not remarkable. In particular, the coatings deposited at high O 2 concentrations became more rigid, which shows wide cracks, whereas the coatings prepared at the low O 2 concentration were relatively flexible with a gradual increase of cracks. These results support the FTIR spectrum shown in Fig. 5 , where the coating chemical structure altered from carbon, hydrogen contained organic ones at low O 2 concentration to inorganic, quartzlike film at high O 2 concentration deposition ratio. And indeed, it certifies the fact that the components and structure of coating play a dominant role on the coating barrier properties.
Deposition time
The coating thickness is one of other critical factors that determine the toxic DEHP migration. Normally the thicker the coating, the better the barrier property. The influence of the coating thickness on the DEHP migration in Fig. 7(b) has the similar trend as shown in Fig. 4(a) . The variation of thickness of deposited coatings versus exposure times through surface profilemeter is shown in Fig. 7(a) . As seen obviously the relationship between the film thickness and the exposure time is nearly linear, and the deposition rate was ca. 50 nm/min for SiO x coating on PVC surfaces. Fig. 7 (c) demonstrates the migration value for the selected parameters. When the coating thickness was ca. 100 nm corresponding to 2 min of exposure time, the DEHP migration from PVC can be remarkably decreased by nearly 71.2% as compared with the control sample.
We assume two main factors making most contribution to this lowest immigration: the few microscopic defects (like impureness, pinholes, and cracks) and the small internal compressive stress. Both of them are relevant to the coating thickness [18, 19] . As previously known, the thicker the coatings, the more populations of defects, and the more rigid of the coating. On the other hand, a thick coating, generating a high internal stress, leads to much cracking and inefficient barrier properties as Fig. 8 shows. The thin ones, in contrast, contain throughout pinholes, and thus do not completely overlap the plastic surface and demonstrate a poor barrier property of DEHP. The effect of coating thickness on the barrier property was further investigated by scanning soaked SiO x coated PVC surfaces through SEM. One can notice in Fig. 9 that the amount of network-crack structures was higher in 1 min deposited coating than that in other ones. It predicts that the main defects were caused from such faults as cracks, pinholes on surface. When the coating thickness was over 170 nm (3 min deposition time), the internal stress in the coatings was rapidly increased. It made the coating more rigid and easily cracked, which also leads to a poor barrier property. We think that both of them essentially dominate the barrier property. 
Conclusions
The present study of SiO x coated PVC for DEHP migration can be summarized as follows: (a) SiO x coatings can considerably obstruct the DEHP release, and the barrier properties depend on the coating's chemical structure and thickness. (b) The optimal conditions of preparing the coating for blocking the DEHP immigration are 50 W of the discharge power, 4:1 of O 2 to monomer ratio, ca. 100 nm of SiO x , and the blocking of DEHP migration was then achieved at 71.2%.
